SUMMARY Preparative chromatographic fractions of human umbilical cord hyaluronic acid (HA) of a molecular weight of 106 were subjected to graded oxygen-derived free radical (oxy radical) fluxes produced by: (a) the autoxidation of ferrous ions; (b) the action of xanthine oxidase (XO) on hypoxanthine (HX); and (c) by peripheral blood polymorphonuclear leucocytes that had been stimulated by phorbol myristate acetate (PMA). Analysis by gel chromatography of the products obtained with each of the oxy radical generating systems showed polydispersity in size. The smallest molecules detected had a molecular weight of i04. This limiting size was not reduced further by exposure to a second oxy radical flux. The relative proportions of large, medium, and small degradation products were established for various levels of oxy radical flux. Consistently a relatively rapid transition from large to small material was seen on Sepharose 2B chromatography, suggesting an ordered element to the breakdown process. Although the decrease in molecular weight after oxy radical exposure was confirmed by analytical ultracentrifugation, this procedure showed that those samples of lowest viscosity did not 
simple structure, HA has a number of important physiological functions which are dependent upon its molecular weight. An example of this was demonstrated by Forrester and Balazs,s who studied macrophage phagocytosis in the presence of HA.
They showed a biphasic effect dependent on molecular weight, with inhibition of phagocytosis by HA of 1-2 x 106 molecular weight and stimulation by HA of 105 or lower molecular weight for solutions with concentrations between 0-2 and 0-5 g/l. The extent to which exposure to oxidants alters the size of HA and possibly its structure is therefore of considerable importance in joint pathophysiology.
Initial work in this area was done by Greenwald 780 and Moy3 who showed the generation of a polydisperse population of breakdown products included on Sepharose 2B chromatography with oxy radicals generated both enzymatically and by stimulated polymorphonuclear leucocytes. We have sought to extend their observations by using maximal and repeated fluxes and a number of chromatographic gels to determine the extent of oxy radical-induced depolymerisation of HA. In addition, we have determined the molecular weights of depolymerised HA samples by analytical ultracentrifugation. The collection of a large series of spectra of sizes of the products of oxy radical-induced HA depolymerisation can then be analysed in order to investigate the mechanism of depolymerisation.
Materials and methods
Hyaluronic acid (grade III from human umbilical cord) and xanthine oxidase (grade III from buttermilk) were obtained from the Sigma Chemical Co., St Louis, Missouri. Sepharose CL-2B and CL-4B, Sephadex G100, and Sephacryl S400 were obtained from Pharmacia, Uppsala, Sweden. All other chemicals were of the highest purity available from Sigma or from Ajax Chemicals, Sydney, Australia. HYALURONIC In the ferrous ion autoxidation system HA 1 g/l was exposed to ferrous ions in the presence of 50 mM potassium phosphate buffer pH . EDTA was present in a 1:1 ratio with ferrous ions. In the XO/HX system HA 1 g/l was exposed to XO in the presence of 50 mM potassium phosphate buffer pH 7-4 and HX 6 mM. In the ceilular system HA 1 g/l was exposed to cells in the presence of Dulbecco's phosphatebuffered saline pH 7-4 to which had been added FeC13 10 pM, EDTA 60 IpM, and PMA 200 pg/i. SOD was used at a concentration of Sephadex G100 columns. On elution with 0-5 M sodium acetate HA from preparations with Nsps of 10% of control, or greater, were largely excluded from the gel, whereas a major proportion of the HA from lower viscosity samples had a hydrodynamic size sufficient to be included in this gel. The smallest products were seen at a Kav of 0-66 which corresponded to a molecular weight of 104 (Fig. 1) .
A further experiment was performed to determine whether the exposure of HA to two sequential oxy radical fluxes would reduce the hydrodynamic size yet further. HA was first exposed to the XO/HX system, and an aliquot was then chromatographed (Fig. 2) . The remainder was then exposed to the ferrous ion autoxidation system, i.e., 1 mM ferrous sulphate. After this double exposure to an oxy radical flux no material was observed past a Kav of 0-66 on Sephadex G100, though the overall change in shape of Fig. 1 Sephadex GIOO chromatograph v of hvaluronic acid exposed to the ferrous ion autoxidation system. HA I gil was exposed to ferrous ions at a concentration of50 pmol/l (Nsp=78%) and I mmol/l (,Vsp=8%) in the presence of50 mM potassium phosphate buffer pH 7-4. EDTA was present in a 1:1 ratio with ferrous ions. (mgml =gil).
Sepharose 2B A large series of HA samples was exposed to the ferrous ion autoxidation system in order to resolve the initial changes in the molecular weight spectra. Small increments in ferrous ion concentration (and therefore oxy radical flux) were used, and chromatographic profiles were obtained on Sepharose 2B. A representative sample of these is shown in Fig. 4 . Examination of these profiles indicated that there were two major peaks, one toward VO and the other approaching V,. As degradation progressed there was a rapid transition of material from the VO to Vt rather than a progression across the profile. For example in the fractionation of the sample with an Nsp of 87% of control the majority of uronic acid containing material was excluded, whereas a profile obtained for a sample with an Nsp of 8% of control shows a peak of uronic acid containing material approaching V,. In fact, between the relatively intact HA and the low molecular weight degradation product medium sized material does not appear as a discrete peak. When the area under the curve in the first, middle, and final thirds of chromatographic accompanied by a predicted decrease in viscosity and the appearance of a polydisperse population of breakdown products. This phenomenon is noted whether the radicals are generated by the autoxidation of ferrous ions, by the action of XO on HX, or by stimulated peripheral blood polymorphonuclear leucocytes. Greenwald and Moy3 have reported a small series of chromatographic profiles that show adequately a generalised loss of hydrodynamic size of HA exposed to two complex radical generating systems. We have endeavoured to define the progress of oxy radical-induced degradation by increasing the number of profiles analysed. Of the oxy radical producing systems studied, the ferrous ion autoxidation system could be most readily manipulated to provide a comprehensive series of degraded HA samples. Less extensive studies with the XO/HX system produced congruent findings compatible with a similar form of hydroxyl radical attack on HA in both systems. The relatively modest degradation achieved by PMA stimulated polymorphonuclear leucocytes could be partly explained by: (a) lesser fluxes of superoxide (not quantified) or (b) less uniform production of oxy radicals by the cellular system, or both.
The observation of the effects of oxy radicals on HA by concurrently monitoring several parameters (i.e. viscosity, change in hydrodynamic profile on several gels, and MSD) has indicated that change in viscosity is a sensitive indicator of early damage to HA. For example, a sample with an Nsp=32% of control (Fig. 3) 
